Non-centrosomal microtubule organizing centers (MTOCs) direct microtubule (MT) organization to exert diverse cell-type-specific functions. In Drosophila spermatids, the giant mitochondria provide structural platforms for MT reorganization to support elongation of the extremely long sperm. However, the molecular basis for this mitochondrial MTOC and other non-centrosomal MTOCs has not been discerned. Here we report that Drosophila centrosomin (cnn) expresses two major protein variants: the centrosomal form (CnnC) and a non-centrosomal form in testes (CnnT). CnnC is established as essential for functional centrosomes, the major MTOCs in animal cells. We show that CnnT is expressed exclusively in testes by alternative splicing and localizes to giant mitochondria in spermatids. In cell culture, CnnT targets to the mitochondrial surface, recruits the MT nucleator g-tubulin ring complex (g-TuRC), and is sufficient to convert mitochondria to MTOCs independent of core pericentriolar proteins that regulate MT assembly at centrosomes. We mapped two separate domains in CnnT: one that is necessary and sufficient to target it to mitochondria and another that is necessary and sufficient to recruit g-TuRCs and nucleate MTs. In elongating spermatids, CnnT forms speckles on the giant mitochondria that are required to recruit g-TuRCs to organize MTs and support spermiogenesis. This molecular characterization of the mitochondrial MTOC defines a minimal molecular requirement for MTOC generation and implicates the potent role of Cnn (or its related) proteins in the direct regulation of MT assembly and organization of non-centrosomal MTOCs.
In Brief
Chen et al. investigated the molecular basis for microtubule organization at the mitochondria in Drosophila spermatids. They show that centrosomin encodes a testis-specific splice variant that resides at the mitochondria and employs the conserved CM1 domain from centrosome proteins to convert mitochondria into MTOCs to support spermiogenesis.
INTRODUCTION
Pericentriolar material (PCM) assembly at centrosomes regulates microtubule-organizing center (MTOC) activity at centrosomes, the major MTOCs in animal cells. Non-centrosomal MTOCs also perform various essential functions in various cell types. In oocytes, they assemble in the cytoplasm and regulate bipolar spindle assembly [1, 2] . In syncytial myotubes, they organize at the nuclear periphery and Golgi apparatus to regulate nuclear positioning [3] [4] [5] . In developing Drosophila wing epithelia, they assemble at adherens junctions and regulate planar cell polarity [6] . In Drosophila testis, they form on the large fused mitochondria to promote sperm tail elongation [7] . Despite their importance in directing microtubule (MT) organization to exert cell-type-specific functions, the molecular composition and regulation of non-centrosomal MTOCs remain poorly understood.
Drosophila species have extremely long sperm; D. bifurca, in particular, produces the longest sperm known at nearly 6 cm [8] . During D. melanogaster spermiogenesis, the $10 mm spherical spermatids elongate to $1,800 mm mature sperm, requiring an elaborate cytoskeleton network [7] . Four major structures run though the elongating spermatid during morphogenesis: the axoneme, cytoplasmic non-axonemal MTs, mitochondria, and F-actin cables [7] . The axoneme and actin are dispensable, but MTs and mitochondrial integrity are essential for spermatid elongation [7, 9, 10] .
Mitochondria in Drosophila spermatids are specialized organelles with an important role in sperm morphogenesis. Following meiosis II, in the newly formed spermatid, mitochondria fuse into two giant mitochondrial derivatives that wrap around one another to produce the spherical ''nebenkern,'' a giant mitochondrial formation similar in size to the haploid nucleus [11] . During spermatid elongation, the two nebenkern derivatives unfurl and stretch with the elongating spermatid. The nebenkern is the main internal support that provides stiffness for elongating spermatids [7] ; it also appears to provide a structural platform to organize MTs independently from centrosomes [7] .
The molecular mechanisms by which the MTOCs assemble and function at the spermatid nebenkern are unknown. Here, we report that centrosomin (cnn) encodes two classes of proteins by alternative splicing. In addition to the well-characterized centrosomal form that is essential for functional centrosomes in various tissues [12] [13] [14] [15] [16] [17] , we show that the other form, CnnT, is expressed exclusively in testes and localizes to spermatid nebenkerns. CnnT recruits and activates the g-tubulin ring complex (g-TuRC), the fundamental MT nucleator, generating unique MTOCs on the mitochondrial surface to support spermiogenesis. These data reveal how non-centrosomal MTOCs can be generated.
RESULTS

CnnT Is a Cnn Variant Expressed Exclusively in Testes
Drosophila melanogaster cnn expresses two classes of alternatively spliced protein variants: the long forms that include expression of the distal three 3 0 coding exons, which encode the centrosomal form of Cnn (hereinafter CnnC, including variants PA, PB, PD, PE, PM, and PN) and the short forms that do not but are instead expressed from a unique set of 3 0 exons (all within a single intron that is spliced out when CnnC is produced), which we refer to as CnnT (testis-specific Cnn, including PG, PH, PI, and PK; Figure 1A ). CnnC is the well-characterized form that localizes to and is required for functional centrosomes [12] [13] [14] 16] . CnnC contains the conserved centrosomin motif 1 (CM1) near its N terminus that is important for recruiting the MT nucleation factor g-tubulin (g-Tub) [13] and centrosomin motif 2 (CM2) at its C terminus, required for centrosome localization and for furrow formation during embryonic cleavage cycles [18] (Figure 1A) . CnnT shares the CM1 with CnnC but has a unique C terminus and lacks CM2 ( Figure 1A ). RT-PCR detects CnnT mRNA only in testes, and it was undetectable in ovaries, larval brains, or males with testes removed ( Figure 1B) . Additionally, all available cDNA clones and expressed sequence tags (ESTs) for CnnT came from testis libraries (http://flybase.org), suggesting that CnnT is expressed only in the male germline. In contrast, CnnC was expressed in testes and other tissues [12, 14, 19 ] ( Figure 1B ). , cnn mfs3 , and cnn mfs7 .
(B) RT-PCR of cnn mRNAs. CnnT is predominantly expressed in testes. The ''conceptual form'' with pink and blue exons (illustrated in A) spliced together is not expressed in the tissues examined. * indicates products from genomic DNA. express CnnT, but not CnnC. * indicates non-specific bands. See Figure S1A for whole blot.
A Cnn ''conceptual form'' that splices together the exons unique to both CnnC and CnnT was not detected by RT-PCR, consistent with the absence of such a cDNA clone in the EST library (http:// flybase.org; Figure 1B 1C , and S1A).
CnnT Localizes to Mitochondria and Recruits g-TuRCs;
Its N-term and C-term Are Necessary and Sufficient for g-TuRC Recruitment and Mitochondrial Targeting, Respectively To study the function of CnnT, we expressed it in cultured cells (Cnn-PG; similar results were obtained with the other CnnT isoforms). Unlike its counterpart CnnC, CnnT did not localize to centrosomes but instead localized at mitochondria in Drosophila Kc167 cells and various mammalian cell lines (Figures 2A and  2B ). The non-centrosomal localization of CnnT is consistent with its lack of the CM2 domain ( Figure 1A ). Because CnnT contains the CM1 domain, which in CnnC recruits g-TuRCs to centrosomes, we examined whether CnnT recruited g-TuRC components to mitochondria. We found that CnnT recruited g-Tub to mitochondria; in addition, Cnn-T induced clustering of mitochondria ( Figure 2B ). CnnT also recruited g-TuRC-associated protein NEDD1/GCP-WD and g-TuRC components GCP2 and GCP5 ( Figures 2E-2H) .
To dissect the function of CnnT, we divided it into two parts: the N-term (CnnT-N), which contains CM1 but excludes $20 N-terminal amino acids (aa) that are not essential for CnnT function (see below), and the C-term (CnnT-C) that is unique to CnnT ( Figures 1A, 2C , and S1B). CnnT-N formed aggregates in the (E-I) Localization of the indicated g-TuRC-associated proteins and centrosomal PCM proteins. NEDD1 (E), GCP2 (F and H), and GCP5 (G) colocalize with CnnT at mitochondria, in addition to localizing to centrosomes. CEP192 (E), CEP152 (F), pericentrin (G), CDK5RAP2 (H), and CPAP (I) localize to centrosomes but do not colocalize with CnnT. In each panel, arrows point to GFP-tagged proteins and arrowheads indicate centrosomes; ''Noc'' indicates nocodazole treatment before fixation. The scale bar is as indicated. See also Figure S1 .
cytoplasm that recruited g-Tub but did not localize at mitochondria, whereas CnnT-C localized to mitochondria but did not recruit g-Tub, and high expression of CnnT-C resulted in mitochondrial clustering ( Figure 2B ). Moreover, superresolution images from 3D-structured illumination microscopy (3D-SIM) revealed that CnnT and CnnT-C reside on the surface of mitochondria ( Figure 2D ).
We conclude that the N-term of CnnT is necessary and sufficient to recruit g-TuRCs, whereas the C-term is necessary and sufficient for mitochondrial targeting.
g-TuRC Recruitment by CnnT Is Independent of Core Centrosome Components
We investigated whether g-TuRC recruitment by CnnT involves other major centrosomal proteins, some of which, such as CDK5RAP2 (mammalian ortholog of Cnn), pericentrin, and CEP192/SPD-2, are key pericentriolar material (PCM) components and regulators of g-TuRCs at mammalian centrosomes [20] [21] [22] [23] [24] . Aside from NEDD1, which associates with g-TuRCs, the major PCM proteins CEP192, CEP152/Asl, pericentrin, CDK5RAP2, and CPAP/Sas-4, localized to centrosomes but were not recruited by CnnT to mitochondria ( Figures 2E-2I ). This indicates that CnnT may recruit g-TuRCs directly and independent of centrosome PCM proteins. We also showed that g-TuRC proteins were recruited to mitochondria by CnnT following MT depolymerization by nocodazole treatment, indicating that g-TuRC recruitment is not an indirect effect of microtubule association ( Figures S1C and S1D) . MT regrowth assay. At 1 min of regrowth, prominent MTs grow from mitochondria where CnnT localizes, in addition to growth from centrosomes. MT ''asters'' are organized from CnnT-N aggregates throughout the cytoplasm. CnnT-C on mitochondria does not nucleate MTs. Insets show zoom in of MTs growing from nucleation sites. Arrows point to GFP-tagged proteins, and arrowheads indicate centrosomes. ATP5A labels mitochondria; a-Tub marks MTs. The scale bars represent 10 mm. See also Figure S1 .
CnnT Converts Mitochondria to MTOCs Because CnnT recruits g-TuRCs, which play a fundamental role in MT nucleation, we employed a MT regrowth assay to determine whether CnnT promotes MT assembly and can convert mitochondria to MTOCs. We treated cells with nocodazole to depolymerize MTs and then recovered the cells in normal culture conditions following nocodazole removal to identify MTOCs as sites of immediate MT regrowth, which in most cells is the centrosome.
After 1 min of recovery from nocodazole treatment, prominent MTs projected from the mitochondria where CnnT localized ( Figure 3 ). In cells expressing CnnT-N, MT nucleation sites formed in association with the CnnT-N aggregates throughout the cytoplasm (Figure 3 ). In contrast, CnnT-C, while retaining localization at mitochondria, did not nucleate MTs (Figure 3) . Therefore, CnnT organizes functional MTOCs on mitochondria, and its N-term is necessary and sufficient for MT nucleation, consistent with its role in g-TuRC recruitment.
The CM1 Domain Is Necessary and Sufficient for MT Nucleation from CnnT-Organized Mitochondrial MTOCs The first 20 aa of CnnT, which are not included in CnnC, are dispensable for MT nucleation and mitochondrial localization of CnnT ( Figures 4A and 4B ). CnnC and CnnT both contain the CM1 domain that is important for MT nucleation [13, 20, [25] [26] [27] . To investigate CM1 function in CnnT, we generated CnnT D1 , which harbors the D1 mutation that deletes 13 conserved aa in CM1 [13] ( Figures 4A and S2A ). GFP-CnnT
D1
localized to mitochondria but failed to recruit g-Tub and to convert them to MTOCs ( Figures 4B and S2E ). GFP-CnnT
could not support MT regrowth, even at longer time points (Figure S2B ). We next examined the MTOC function of various deletions within CnnT and with the homologous CM1 sequence from mouse CDK5RAP2 (MusCM1) ( Figure 4A ). These constructs contained or were fused with the CnnT mitochondrial targeting domain, which was sufficient to localize them to mitochondria ( Figure S2C ). We performed MT regrowth assays to determine whether these fusion proteins could convert mitochondria to MTOCs. When targeted to mitochondria, the 84 aa CM1 domain of CnnT, the MusCM1, and the CnnT N-term deletion fragments that include intact CM1 were sufficient to recruit g-Tub and MT plus-end protein EB1 and convert mitochondria to MTOCs (Figures 4A , 4B, S2A, S2D, and S2E). Fragments that disrupt CM1
were deficient in MTOC activity ( Figures 4A, 4B , S2A, S2D, and S2E). In coimmunoprecipitation (coIP) experiments, CnnT-N, CM1, and MusCM1 strongly associated with g-Tub, whereas CnnT-N with the D1 mutation (CnnT-N D1 ) did not ( Figure 4C ). Figure 4D ; Movie S1). In CnnT-expressing cells, EB3 shot outward from mitochondrial MTOCs ( Figure 4D ; Movie S2). In cells expressing GFP-CM1-mito, EB3 comets likewise emanated from mitochondria ( Figure 4D ; Movie S3). In contrast, cells expressing GFP-CnnT
did not produce EB3 comets from mitochondria ( Figure 4D ; Movie S4), further demonstrating the essential role of CM1 in MT assembly.
CnnT Forms Speckles that Recruit g-Tub to Giant Mitochondria in Spermatids
To study the in vivo function of CnnT, we created transgenic flies carrying B2T-EGFP-FLAG-CnnT (hereafter B2T-GFP-CnnT), expressing GFP-CnnT under the control of the testis-specific b2 tubulin (B2T) promoter.
Immunostaining of B2T-GFP-CnnT adult testes showed that GFP-CnnT formed speckles on the surface of the spermatid nebenkern ( Figures 5A and 5B). Nocodazole treatment before immunostaining revealed g-Tub foci that colocalized with GFPCnnT speckles on the nebenkern, in addition to residing at centrioles ( Figure 5A ). In wild-type (w
1118
) testes, endogenous CnnT localized at the nebenkern in early elongating spermatids, whereas endogenous CnnC localization at centrosomes was reduced after the spermatocyte stage and decreased to low levels in elongating spermatids ( Figure S3A ). Moreover, the anti-Cnn(C+T) antibody recognized both CnnC at the centrosome and CnnT on the nebenkern, but the anti-CnnC antibody only detected CnnC at centrosomes ( Figures 1A and S3B ).
CnnT Mutant Males Show Defects in MT Organization and Spermiogenesis
The transgenic construct g [cnn] carries the cnn locus on 15.3 kb of genomic DNA and rescues cnn mutants [14] (Figures 5C-5E ). We engineered g[cnn] to create g [cnnDt] that disrupts CnnT but leaves CnnC intact ( Figure 5C ). We then introduced g [cnnDt] into cnn null backgrounds to generate a mutant that specifically knocks out CnnT ( Figures 5C-5E ). Western blot confirmed that the CnnT mutant expressed CnnC, but not CnnT (Figures 5E and S3C). cnn nulls cnn 25cn1 and cnn HK21 , and CnnC mutants cnn mfs3 and cnn mfs7 are all male sterile and maternal effect lethal due to centrosome defects [12, 13, 17] , which can be rescued with g [cnn] or CnnC transgenes [13, 14] . However, CnnT males and females were fertile ( Figure 5D ).
The CnnT mutant eliminated the g-Tub foci on the nebenkern, whereas CnnC mutants retained them as expected (Figures 5F and S3D). Expression of GFP-CnnT restored g-Tub localization to nebenkerns in CnnT ( Figure 5F ).
We investigated whether CnnT foci on the nebenkern are required for MT organization in spermatids. In elongating spermatids, MT bundles were present in the cytoplasm and on nebenkerns, and CnnT foci were associated with the newly formed MTs on nebenkerns following MT regrowth ( Figure S4A ). We next analyzed the MT plus-end-binding protein EB1, which accumulates at functional MTOCs and at MT plus ends. CnnT and cnn null mutants showed dramatically decreased number of EB1-GFP comets/foci on nebenkerns after 1 min MT regrowth, and they displayed significantly reduced MTs on nebenkerns; however, CnnC mutants did not show obvious difference from the control ( Figures 6A and 6B ). Therefore, CnnT, but not CnnC, is required for MT organization at nebenkerns in elongating spermatids, in accordance with organization of MTs on mitochondria by CnnT in cultured cells.
In Drosophila, mature sperm are stored in the seminal vesicle (SV) ( Figure 6C ). After eclosion, the SV volume increases with age due to increased sperm production. cnn null and CnnC mutants had dramatically smaller SVs compared to the control ( Figure S4B ), because they have impaired meiosis and do not produce motile sperm [14] . CnnT mutants also had smaller SVs at 20 days post-eclosion ( Figures 6D and S4C ), indicating that CnnT males may have reduced sperm production.
During spermatogenesis, cysts of 16 spermatocytes undergo two meiotic divisions to produce 64 haploid spermatids that remain joined in register as they elongate and individualize [11] . Transmission electron microscopy (TEM) showed that the CnnT mutant has higher incidence of containing fewer spermatids per cyst, and frequently, cysts contained one or more axonemes that were not accompanied with a mitochondrial derivative ( Figure 6E ). However, CnnT retained normal fertility ( Figure 6F ) and produced mature sperm with tail lengths comparable to the control ( Figure S4D ).
Ectopic Expression of CnnT Causes Severe Developmental Defects
Because CnnT is expressed exclusively in the testes, we examined whether ectopic CnnT expression impacts fly development. We generated transgenic flies carrying upstream activating sequence (UAS)-CnnT fusion proteins under the control of the UAS promoter and which can be manipulated by tissue-specific GAL4 ''drivers'' (UAS-GAL4 system) [29] . Ectopically expressed GFP-CnnT associated with mitochondria in brain and fat body cells in third-instar larvae ( Figures S5A and S5B ). When expressed ubiquitously (by tubP-GAL4), either CnnT or its N-term (CnnT-N), but not its mitochondrial targeting region CnnT-C, caused severe developmental impairments, including small and rough eyes, loss of bristles on the notum and abdomen, and defective wings ( Figure 7A ). Phenotypes from CnnT-N overexpression were more severe, and flies usually died soon after (legend on next page) eclosion. However, when CnnT-N was targeted to the centriole with a PACT (pericentrin-AKAP-450 centrosomal targeting) [30] domain, its overexpression caused no obvious defects (Figure 7A ). Because both CnnT and CnnT-N have MTOC activity, it is likely that they compete with centrosomes for g-TuRCs and redirect the MT organization in the cell, thus disrupting normal cell divisions and/or impairing cell physiology, leading to these defects.
DISCUSSION
In this study, we show that CnnT is a testis-specific variant encoded by Drosophila cnn through alternative splicing. Unlike its centrosomal namesake, CnnT localizes to mitochondria, recruits g-TuRCs, and converts mitochondria to MTOCs. The CM1 domain, which is shared with CnnC, is necessary and sufficient for MT nucleation, whereas the C-term of CnnT is necessary and sufficient for mitochondrial targeting. We discern divergent roles for Cnn variants in vivo: CnnC mainly localizes and promotes MTOC activity at centrosomes [12] [13] [14] and directs cleavage furrow organization during embryogenesis through its CM2 domain [18] ; CnnT, on the other hand, localizes to the specialized mitochondria (nebenkern) in spermatids, where it recruits g-TuRCs to organize MTs to promote spermiogenesis (Figure 7B) . We show that CnnT is a bipartite organizer of unique MTOCs on mitochondria.
MT Nucleation through g-TuRCs
Because spontaneous nucleation of MTs is kinetically limited, g-TuRCs or the minimal g-Tub small complexes (g-TuSCs) are essential to carry out robust MT nucleation in vivo, and they are involved at all MTOCs in eukaryotic cells. The majority (>80%) of g-Tub complexes are cytoplasmic and not localized to centrosomes [31] , yet centrosomes are the major sites of MT nucleation, indicating that MTOCs provide an activator for g-TuRCs to polymerize MTs efficiently. Our study revealed that CM1 in Cnn is essential for activating g-TuRC to initiate MT nucleation. Consistently, CM1 of other Cnn orthologs were shown to activate g-TuRCs [20, 27, 32].
As the best-characterized MTOC, the centrosome is a supramolecular complex where the centrioles serve as a scaffold upon which sequential assembly of proteins, such as CEP152/Asl, CPAP/Sas-4, pericentrin/Plp, CEP192/Spd-2, and CDK5RAP2/ Cnn, is required for pericentriolar material (PCM) assembly and optimal MTOC activity [33, 34] Proteins with CM1 also have MTOC-targeting domains such that the g-Tub complex (g-TuC) is oligomerized at the site of action [44] . In S. pombe, a shortened ''bonsai'' version of the Cnn homolog Mto1p that contains the CM1 domain and a binding site for Mto2p, allows for binding of g-TuCs and oligomerization, enabling it to activate the g-TuC without associating with an MTOC [45] . CM1 of human CDK5RAP2, however, is sufficient for g-TuRC recruitment and MTOC activity [20] . Here, we show that CM1 of Cnn is sufficient to recruit g-TuRCs when tethered at mitochondria and, in solution, associates with g-Tub. Altogether, our findings indicate that, if appropriately targeted, CM1 is sufficient to generate an MTOC through the recruitment and activation of g-TuRCs.
Cnn, pericentrin, Spd-2, ninein, and their closely related proteins have been implicated to directly promote g-TuRC-mediated MT nucleation. Among them, Cnn-related/CM1-containing proteins, including Drosophila Cnn, mammalian CDK5RAP2 and myomegalin, fission yeast Mto1 and Pcp1, etc., appear to be the most potent stimulators for MT nucleation by g-TuRCs, as shown by in vitro biochemical assays and/or by redirecting the protein (or protein fragments) to ectopic cellular locations to induce MT assembly at those sites (this study and [20, 28, 32, 45]). Our data further support that Cnn (and orthologs) directly binds and stimulates g-TuRCs to mediate MT assembly. With its simple bipartite molecular composition, CnnT targets to In control, EB1 accumulates at centrosomes (arrowheads), the nuclear (N) periphery, and as scattered foci on the nebenkern, and newly formed MTs are associated with these locations. EB1 comets are highlighted with purple lines, and arrows point to MTs associated with nebenkerns. CnnT and cnn null, but not CnnC, mutants showed significantly fewer EB1 foci and decreased MT signal on the nebenkern. Cytoplasmic MTs appear normal in all mutants. Numbers of nebenkerns assayed are indicated. At least three independent regrowth experiments were performed for each genotype. Error bars represent mean ± SEM. Figure S5 . mitochondria, recruits and activates g-TuRCs, and converts mitochondria to MTOCs.
Organizers and Regulators of Non-centrosomal MTOCs
We show that Drosophila CnnT, a single small bipartite molecule consisting of a targeting domain and a microtubule nucleation-activating domain, can convert mitochondria to MTOCs. This is unique because CnnT does not regulate MT assembly at centrosomes, unlike the PCM proteins mentioned above that function both at centrosomes and non-centrosomal MTOCs. A previous report indicated that CnnT, described as the ''short form'' of Cnn, localized to centrosomes [47]; however, we were unable to detect CnnT at centrosomes. Furthermore, CnnT, or just the CM1 domain, is capable of interacting with g-TuRC to drive MT nucleation in mammalian cells, and this function is independent of mammalian PCM proteins CDK5RAP2 and pericentrin, indicating that CnnT (and CM1) has intrinsic and evolutionarily conserved capability of activating g-TuRC-mediated MT assembly. These findings reveal significant insights in understanding how non-centrosomal MTOCs can be generated.
Mitochondrial MTOCs in Drosophila Spermatids
Non-centrosomal MTOCs are assembled on the giant mitochondria in Drosophila spermatids [7] , and here, we show that CnnT is the major organizer of these mitochondrial MTOCs. Microtubules are essential for spermatid elongation [7] . Our work shows that loss of most of the MTOC activity on the nebenkern can be sufficiently compensated for by MT nucleation elsewhere in the cytoplasm. The mechanism for CnnT targeting to mitochondria is conserved, because it localizes to mitochondria across species. Because there are no obvious mitochondrial-targeting signals in CnnT, it is likely that CnnT is recruited to the mitochondrial surface by conserved mitochondrial protein(s). The mitochondrial-targeting domain of CnnT has no apparent homologs outside of Drosophilids. We also did not find a CDK5RAP2 or myomegalin mRNA variant that contains CM1 but lacks the CM2 centrosome-localization domain among available genome data. Thus, it is not clear whether CnnT is unique to Drosophilids or whether mitochondrial MTOCs exist in other species.
Drosophila species have extremely long sperm with the current record being $6 cm in D. bifurca [8] , and they have evolved special cellular structures, including the nebenkern that stretch along the entire spermatid to support the dramatic morphological changes during sperm elongation. Non-centrosomal MTs were shown to be essential for spermatid morphogenesis [7] . However, our results indicate that diminished MT assembly on the nebenkern surface in the CnnT mutant does not greatly impede sperm morphogenesis; it is likely that other MT regulators may function in organizing cytoplasmic MTs, which may compensate for the loss of MTs on the nebenkern surface when CnnT is absent.
Why did Drosophila evolve such long sperm? It was suggested that postcopulatory sexual selection favors increased investment in sperm size rather than sperm number because fertilization is facilitated in the fly uterus where the egg is placed in juxtaposition to sperm housed in the seminal receptacle, and because female flies have a long seminal receptacle with length comparable to the sperm, it appears that longer sperm have advantages in passing through the reproductive tract to fertilize the egg [8, [48] [49] [50] . Thus, flies may have evolved CnnT to generate mitochondrial MTOCs to cope with the demands of morphogenesis of extremely long sperm.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila melanogaster strains All fly strains were maintained at 25 C on standard fly food made from corn flour and yeast. B2t-GFP-CnnT was generated by cloning EGFP-FLAG-CnnT (isoform PH) into a male germline expression vector (gift from Elizabeth Raff, Indiana University [58]) under the control of B2t promoter [59]. UASt-GFP-CnnT was created by cloning EGFP-FLAG-CnnT into the insect expression vector pUAST [29] under the control of a UASt promoter. g [cnnDt] has an 1187 bp deletion that covers all CnnT-specific exons, it was generated from g[cnn] [12, 14] , cnn 25cn1 , cnn mfs3 and cnn mfs7 were described in [12] [13] [14] . Other strains include tubP-GAL4 LL7 (chromosome 3; BDSC #5138) and hsp83-EB1-EGFP (chromosome 3 [7] ).
Larval brains and fat bodies for RT-PCR and immunochemistry were dissected from mixed gender 3 rd instar larvae. Testes for RT-PCR, western blotting and immunochemistry were dissected from newly eclosed male flies. For analysis of male fertility and the size of seminal vesicles, male flies aged 1-20 day post-eclosion were used, with specific age reported in corresponding figures and figure legends. For electron microscopy, testes from male flies 3-5 days post-eclosion were used.
Cell Culture
Drosophila melanogaster Kc167 cells (female [55] , FlyBase: FBtc0000001) were maintained in Hyclone CCM3 medium (Thermo Fisher Scientific) supplemented with 5% fetal bovine serum and Penicillin-Streptomycin (100 IU/mL Penicillin and 100 ug/mL Streptomycin) at room temperature. Cells were cotransfected with pUAS plasmid (pUASp-GFP-CnnT or pUASp-CnnT-Emerald) and pMT-GAL4 using lipofectamine 2000 and the protein expression was induced with 1 mM CuSO 4 20-24 hr later. Cells were prepared for immunostaining 20-24 hr after induction.
Hamster CHO (female) cells, human HK293 (female), U2OS (female) and A549 (male) cells, Cercopithecus aethiops Vero (female) Cells, and Potorous tridactylus PtK1 (female) cells were maintained in DMEM (Dulbecco's Modified Eagle Medium) (Cellgro) supplemented with 10% fetal bovine serum and Penicillin-Streptomycin (100 IU/mL Penicillin and 100 ug/mL Streptomycin). Cells were incubated at 37 C with 5% CO 2 . For transient protein expression, cells were transfected with plasmids using Lipofectamine 2000 and prepared for immunostaining 20-24 hr after transfection. Cell lines were not authenticated; however, there were no overt differences among the cell lines regarding CnnT localization to mitochondria and their conversion to MTOCs, so authentication was not critical for this study. CnnT-N D1 (aa 20-480 with a deletion of aa 54-66) was amplified from the previously described construct EGFP-Cnn D1 [13] , MusCM1 was amplified from previously described construct pcDNA-GFP-mCDK5RAP2 [60] . CnnT D1 , CM1-mito, DEL2-mito and MusCM1-mito were amplified by joining CnnT-N D1 , CM1, DEL2 and MusCM1, respectively, to CnnT-C, using overlap extension PCR. EB3-mApple was human EB3 tagged with mApple at its C terminus and it was amplified from plasmid mApple-EB3-7. DNA fragments were cloned into Gateway vector pENTR-D/TOPO (Invitrogen). For expression in mammalian culture cells, DNA sequences were subcloned through Gateway cloning into pcDNA-DEST53 to generate the N-terminal GFP fusions. EB3-mApple was subcloned into pQCXP CMV/TO DEST to express in mammalian cell lines.
For expression in Drosophila, pUASp-GFP-CnnT, pUASp-CnnT-Emerald, pUASp-CnnT-N-Emerald, pUASp-CnnT-C-Emerald and pUASp-Myc-CnnT-N-PACT were created through Gateway cloning into pPGW-attB, pPWEmerald-attB or pPMW-attB vectors. pPGW-attB and pPMW-attB generate an EGFP tag and a 6xMyc tag on the N terminus of the target protein respectively, and pPWEmerald-attB generates an Emerald tag on the C terminus of the target protein. pPGW-attB and pPMW-attB were engineered by cloning an attB sequence into pPGW and pPMW vectors respectively [61] .
To construct pPWEmerald-attB, we first converted the unique SacII site of pPWH to a pair of SpeI and AscI sites by ligating in a double-stranded linker (see Table S1 ).
This generated a vector with this sequence and reading frame at the cloning site: ATG/GAT/CTC/CAC/CGC/ACT/AGT/ATA/TGG/ CGC/GCC/AGC/GGT/GGA/GGC/CGC/ATC/TTT/TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTA TGCAGGATCCTATCCATATGACGTTCCAGATTACGCTGCTCATGGCGGA (The SpeI and AscI sites are underlined, the codon triplets are separated, and the three HA sequences are italicized). Next, we ligated a 368 bp fragment containing the attB sequence at the unique NsiI site in pPWH as described previously for other vectors [61] . Using this new vector, we ligated a PCR fragment that includes Emerald sequences flanked by an AscI site on the 5 0 end, a SpeI site on the 3 0 end, and a flexible protein linker at the 5 0 end that encodes (Gly-Gly-Ser)x4 (PCR primers to amplify mEmerald listed in Table S1 ). The HA epitope originally found in pPWH is not expressed from pPWEmerald-attB.
pPGW, pPWH and pPMW were from Terence Murphy's Drosophila Gateway Vector Collection at Carnegie Institution of Washington.
All primers for cloning are listed in Table S1 .
Immunohistochemistry and Microscopy
For the staining of mammalian cells, cells were grown on 18 mm round coverslips, then fixed in À20 C methanol for 10min. After a few rinses in PBS, samples were incubated with antibodies. For nocodazole treatment, cells were incubated with 10 mM nocodazole in culture media for 2 hr prior to fixation. For the staining of Drosophila Kc167 cells, cells were prepared according to the method described in [62] . Cells were incubated on poly-L-lysine-treated slides for 30 min, the slide was then rinsed briefly in PBS and then fixed in À20 C methanol for 10 min. For the staining of larval brains, larval fat bodies and adult testes, tissues were dissected in Dulbecco's PBS (DPBS), then transferred to a 4-ml drop of DPBS on a slide and then covered with a siliconized coverslip containing a 1 mL droplet of 18.5% formaldehyde in DPBS. After the tissue was allowed to flatten for 20-30 s under the weight of the coverslip, the slide was snap-frozen by plunging into liquid nitrogen. The slide was removed from liquid nitrogen and the coverslip was flipped off using a razor blade and then immersed into À20 C methanol and incubated for 10 min. The slides were then transferred to PBS. A Super PAP Pen (Immunotech) was used to draw a hydrophobic ring around the tissue to contain 50 mL antibody staining solutions. For nocodazole treatment of testes, dissected testes were broken apart and incubated with 40mM of Nocodazole in Shields and Sang M3 Insect Medium (Sigma) +10% FBS+ Penicillin-Streptomycin for 2hr. Afterward, samples were prepared and fixed as stated above.
After fixation in methanol, cells or tissues were rinsed with PBS and then stained with antibodies in PBS solution containing 5 mg/mL bovine serum albumin and 0.1% saponin.
Guinea pig anti-Cnn(C+T) and rabbit anti-Cnn(C+T) were raised against aa 1-574 of Cnn PA [13] , rabbit anti-CnnC was raised against last two 3 0 -most exons of CnnC [14] . Other antibodies used in this study are listed in the Key Resources Table. Secondary goat antibodies conjugated to Alexa 488, 568, and 647 (1:1,000; Life Technologies) were used. DNA was stained with DAPI (1 mg/mL).
For confocal imaging, a Nikon A1 confocal microscope with a 603/NA 1.49 oil immersion objective and NIS-Elements software was used. For superresolution imaging using 3D-structured illumination microscopy, DeltaVision OMX Blaze (GE Healthcare) with an Olympus 603/NA1.42 oil immersion objective was used and images were processed with SoftWorx software.
Microtubule regrowth assay
For the regrowth in CHO cells, cells growing on coverslips were treated with 10 mM nocodazole in culture media for 2 hr. After removal of nocodazole and then 5 quick rinses with ice-cold media, cells were fixed directly (as 0 min), or transferred immediately to 37 C media for the desired length of time and then fixed in À20 C methanol for 10 min and prepared for staining. For MT regrowth in fly testes, dissected testes in M3 Insect Medium +10% FBS+ PenStrep and were placed in 0 C for 1 hr. Samples were flattened and fixed directly (as 0 min) or transferred immediately to 23 C media for a desired length of time and then flattened and fixed in À20 C methanol for 10 min and prepared for staining.
Live cell imaging
For live imaging of EB3 comets in CHO cells. Cells growing in a 35 mm MatTek glass bottom petri dish were co-transfected with GFP fusions and EB3-mApple. 20-24 hr after transfection, the time-lapse movies were captured by Nikon A1 confocal microscopy; frames were captured every 4 s for 4 min. More than five cells were imaged for each transfection and representative movies are shown in this study.
Co-immunoprecipitation and western blots GFP-tagged proteins were expressed in CHO cells. Cells were treated with 10 mM nocodazole for 2 hr before harvest. Cell extracts were incubated with $1 mg of Rabbit anti-GFP antibodies for 3 hr on ice, the mixtures were then incubated with Protein A Sepharose beads (GE Healthcare) for 1 hr on ice. Beads were then washed, denatured and prepared for western blotting. For western blotting, proteins were separated using an SDS-PAGE mini-gel electrophoresis system (Bio-Rad) and transferred to UltraCruz 0.45-mm pore-size nitrocellulose membrane (Santa Cruz Biotechnology) using Trans-Blot SD. Semi-Dry Transfer system (Bio-Rad). Membranes were probed with primary antibodies: rabbit anti-Cnn(C+T) serum (1:10,000), mouse anti-a-Tubulin (DM1A, 1:20,000), Chicken anti-GFP (1:10,000), and mouse anti-g-Tubulin (GTU88, 1:10,000). For secondary antibodies, IRDye800CW Goat anti-mouse or anti-rabbit, IRDye680LT Goat anti-mouse or anti-rabbit, and IRDye800CW Goat anti-chicken antibodies (LI-COR Biosciences) were used (1:25,000). Membranes were scanned with an Odyssey Infrared Imaging System (LI-COR Biosciences). The Co-IP experiment was repeated three times.
RT-PCR
Total RNA from dissected tissues was isolated using TRIzol Reagent. cDNAs were then generated using SuperScript First-Strand Synthesis System (Invitrogen). 40 cycles were used in PCR amplification. For CnnT, CnnC, and Cnn ''conceptual form'', primers used were illustrated in Figure 1A . For control a-tubulin, primers flanking intron 1 of a-tubulin-RA were used.
Primers used are listed in the Key Resources Table. This experiment was repeated at least four times.
Quantification of EB1-GFP comets on the nebenkern following microtubule regrowth Dissected testes were subjected to 1 min MT regrowth, as described above for the MT regrowth assay, then fixed and stained. Images were taken with a Nikon A1 confocal microscope with a 603/NA 1.49 oil immersion objective at a slice thickness of 0.45 mm. In a random region (>20 mm 2 ) of the nebenkern (labeled by ATP5A) that is away from the centrosome, the number of EB1-GFP comets with a length > 0.3 mm in the region from each 0.45 mm image slice were counted and summed to reach a total number. The total surface area was approximated as twice the two dimensional area of the measured region. The number of EB1 comets per 10 mm 2 of nebenkern surface was calculated as 10n/(2A), where n is the total number of EB1-GFP comets and A is the two dimensional area of the nebenkern. About 10-30 elongating nebenkerns were analyzed from each regrowth experiment, and at least 3 independent regrowth experiments were assayed for each genotype. No data were excluded from the measurements.
Quantification of MTs on the nebenkern following microtubule regrowth Dissected testes were subjected to 1 min MT regrowth, as described above for the MT regrowth assay, then fixed and stained. Images were taken with a Nikon A1 confocal microscope with a 603/NA 1.49 oil immersion objective at a slice thickness of 0.5 mm.
Confocal stacks (1.0-2.0 mm total thickness) were processed into maximum intensity projection images. In a random region (>20 mm 2 ) of the nebenkern (labeled by ATP5A) not proximal to the centrosome, the mean MT intensity in the area was measured. Average mean cytoplasmic MT intensity was measured by averaging 5 random boxes (at least 5 mm 2 ) in the spermatid cytoplasm and away from centrosomes and nebenkerns. The intensity ratio of (Nebenkern MT)/(Cytoplasmic MT) was calculated as (mean MT intensity on the nebenkern)/(average mean cytoplasmic MT intensity).
About 15-30 elongating nebenkerns were analyzed from each regrowth experiment, and at least 3 independent regrowth experiments were assayed for each genotype. No data were excluded from the measurements.
Measurements of adult male seminal vesicles
Newly eclosed male flies were collected and separated from females until the designated age. Seminal vesicles were dissected intact in PBS and placed in a drop of PBS on a glass slide. An Olympus MVX10 Macro Zoom Microscope equipped with MVPLAPO 1X/NA 0.25 and MVPLAPO 2XC/NA 0.5 objectives was used to capture images of seminal vesicles, and the size of seminal vesicles was measured as the area of the seminal vesicle in images, using the cellSens software. At least 25 seminal vesicles were measured for each genotype at designated age, standard error (SE) was calculated, and unpaired two-tailed Student's test was used to determine the significance. No data were excluded from the measurements.
Tail length measurements of mature sperm Seminal vesicles from males older than 10 days were dissected in media with 1 mg/ml Hoechst 33342 dye and were poked with fine forceps to release mature sperm. Individual sperm was imaged with an Eclipse TE2000-U inverted microscope equipped with a Plan Fluor 103 NA 0.30 phase contrast objective (Nikon), the NIS-Elements software (Nikon), and an ORCA-AG digital camera (Hamamatsu Photonics). The length of the tail was measured using the NIS-Elements software. Approximately 10 sperm were measured from each pair of testes, and at least 5 pairs of testes were assessed for each genotype. No data were excluded from the measurements.
Transmission electron microscopy Dissected fly testes were fixed in Karnovsky's fixative (Electron Microscopy Sciences) overnight at 4 C. Samples were postfixed in osmium tetroxide, dehydrated in a graded series of alcohol and propylene oxide, and then embedded in epoxy resin. Sections ($30 nm) of testis samples were cut in a Reichert-Jung Ultracut E Ultramicrotome, collected on copper grids, and stained with uranyl acetate and lead citrate. Samples were imaged with a Philips FEI BioTwin CM120 electron microscope.
Male fertility test
Virgin w 1118 females and newly eclosed males were collected and held apart for 3-5 days before mating. In each test, a single male was mated with a single w 1118 virgin female for 4 days. After 10 more days, the progeny from each pair mating were counted. For each genotype, at least 5 groups of 15-20 males each were assessed. The whole test was conducted at 25 C. Neither the males nor the females were involved in previous procedures, and they were naive to the assay prior to its implementation. No data were excluded from the measurements.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Microsoft Excel 2013. Two-tailed unpaired Student's t tests were used to determine the significance. For quantification of EB1-GFP comets on the nebenkern following microtubule regrowth ( Figure 6A ), quantification of MTs on the nebenkern following microtubule regrowth ( Figure 6B ), measurements of adult male seminal vesicles ( Figure 6D ), measurements of sperm tail length ( Figure S4) , and male fertility test ( Figure 6F ), statistical details including ''n,'' data representation (SEM or SE) and significance measurements can be found in the figure and figure legends, as well as in their corresponding method details.
